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At the genetic level, the tree of life was produced through replication of the genome. For the genome to replicate, cells are equipped with DNA polymerases to copy the parental DNA, which they do at blazing speeds. 4 However, "no protein is perfect," and neither are the DNA polymerases. So, the DNA polymerases commit occasional errors in copying the template (parental) DNA and incorporate wrong nucleotides into the new DNA strands. To correct the errors, nature afforded the cells with DNA repair enzymes, which are assigned the task of maintaining the integrity of the nucleotide pools before replication. 5 Nevertheless, the process of DNA replication and editing, although exceedingly precise, is imperfect. The error rate of the DNA replication and editing machinery is estimated to be at 10 Ϫ6 to 10 Ϫ10 nucleotides incorporated into the new strand of DNA. 6, 7 The inheritance is forward. Therefore, the misincorporated nucleotides are passed on to the next generation, and with each generation, new errors in DNA replication are introduced. The occasional "errors of nature" in DNA replication, which was probably necessary for the survival of the mankind, form the basis for variations in the genomic DNA nucleotide compositions among the individuals. Population genetic diversity is further expanded by the fact that each genome is a mixture of maternal and paternal DNA and the large number of recom-bination that occurs between the 2 homologous chromosomes during meiosis. Further compounding genetic diversity are the nature's forces exercised Darwinian selection, the Baldwin effect, and geopolitical forces. Collectively, these elements have afforded significant diversity to the population genome, which by and large follows the geographic blueprint of out-of-Africa migration. Hence, there is a genetic gradient of shared haplotypes that decreases as the geographic distance increases. The point is best illustrated in the European population, where genetic variations mirror Europe geography. 8 As such, the geographic origin of a European individual could be inferred with remarkable accuracy on the basis of the genetic structure of the individual. 8 The majority of "nature's errors" in DNA replication occur at the single-nucleotide level, and hence, these variations are referred to as single-nucleotide polymorphisms (SNPs). However, the errors are not only restricted to SNPs but also include small and large insertion/deletions (indels), duplications, and rearrangements, which are collectively referred to as structural variations (SVs). Approximately two thirds of the SVs in the genome involve Ͻ10 000 base pairs of DNA, Ϸ15% involve Ͼ100 000 base pairs, and a few involve several million base pairs. 9, 10 SVs that change the copy number of the genes (from the normal 2 copies) are referred to as copy number variants (CNVs). Although SNPs prevail in the number, indels/SVs/CNVs by involving large segments of DNA affect a much larger number of the nucleotides. Because indels/SVs/CNVs involve genes implicated in various cellular functions, they could impose a significant clinical impact. 9, 11 The genetic diversity of the population has been recognized since the dawn of DNA sequencing by Sanger technique Ϸ3 decades ago. 12 Several million SNPs have already been deposited in the SNP database (dbSNP, build 130). However, the extent and diversity of DNA sequence variability in the diploid genome of a single individual only became evident on analysis of Venter's genome sequence, which was sequenced by Sanger sequencing over 3 years. 13 The findings were mesmerizing. Venter's genome contained Ϸ4.1 million DNA sequence variants, including Ϸ3.5 million SNPs, of which approximately one third were novel. Remarkably, 44% of Venter's annotated genes were heterozygous for one or more sequence variants. The abundance of SVs was quite notable. SVs were less common in number than the SNPs. However, because of the size of the involved DNA fragments, SVs comprised approximately three fourths of the variant nucleotides. The findings for the first time highlighted the unique features of an individual genome. Chinese man and several other individuals' exomes. Some variants encompassed several million base pairs of DNA. A fascinating aspect of each genome is that Ϸ20% to 30% of the SNPs and the majority of indels/SVs/CNVs were novel ( Figure) . Moreover, each genome had 5000 to 10 000 nonsynonymous SNPs, which would be expected to impose some level of biological functions and potentially cause diseases. These discoveries imply that the individual genome is by and large personal (personal genome). 14 Given the extent of DNA sequence variation among individuals, it is not surprising that phenotypic expression of diseases vary considerably. Sir William Osler, the father of modern medicine, astutely observed and advocated that no 2 individuals have identical diseases, more than a century ago. In fact, one may wonder why there is phenotypic similarity at all. Perhaps, it is the genetic gradient of the effect sizes that confer the phenotypic similarity. Accordingly, not all genetic variants impart the same level of phenotypic effect. There is a gradient of effects that ranges from miniscule to drastic. On one extreme are those variants that impart huge phenotypic effects and lead to single gene disorders. Such variant, when present, cause the phenotype even though the degree of its expression varies. On the opposite end of the spectrum are the variants with no or minimal effect sizes. Such variants contribute to the complex phenotypes, such as coronary atherosclerosis or the clinical phenotypes of single gene disorders, which are also complex phenotype. The prevalence of the DNA sequence variants mirrors the effect size gradient, albeit in the opposite orientation. Variants with major effect sizes are less common, partly because of the evolutionary pressure, and those with modest effects are more common. Accordingly, only a handful of DNA sequence variants are expected to exert major effects on a complex phenotype, whereas several hundred variants will exert modest and thousands minimal to barely discernible effects. The more complex the phenotype is, such as clinical phenotypes as opposed to biochemical phenotypes, the less impact of an individual variant and the greater the number of variants that contribute to the phenotype. This is best exemplified by the interindividual variability in height, which is primarily (Ϸ80%) heritable. It is estimated that Ϸ93 000 SNPs explain 80% of the interindividual variation in height. 15 With this background, 2 manuscripts in this issue of the Journal reports on phenotypes associated with the DNA sequence variants in genes known to cause Brugada and long-QT syndromes. 16, 17 The findings advocate the potential influence of genetic background on the clinical phenotype and illustrate dissociation of in vitro functional studies from the severity of the clinical phenotype. Both manuscripts raise several interesting points. First, the findings illustrate that not all nonsynonymous variants in genes known to cause monogenic disorders are causal mutations, even when rare. Many may function as modifier alleles. By definition, the causal mutation cannot be absent in family members with the phenotype. In contrast, modifier alleles are neither necessary nor sufficient to cause the phenotype, but when present, they affect phenotypic expression of the disease. 18 The absence of the DNA sequence variant in the control population provides strong but not totally sufficient evidence of causality, as many nonsynonymous SNPs are rare. Likewise, near complete cosegregation of the DNA sequence variant with the phenotype in small-to-medium size families alone would not distinguish between causal and modifier variants. Nevertheless, the distinction between causal and modifier DNA sequence variants is somewhat diluted by nature's genetic gradient and may be context dependent. A DNA sequence variant may function as a disease-causing mutation in certain backgrounds but as a modifier in another. Hence, not only there is a gradient of the effect sizes of various DNA sequence variants but also a phenotypic gradient of a single DNA variant.
Genetic studies are exposing the imperfection of the clinical phenotyping, which forms the essence of the current practice of medicine. Phenotypic plasticity of mutations in a single gene is well known. It is also the case for the SCN5A mutation and was also documented in the report by Probst et al. 16 Likewise, phenotypic similarity of mutations in different genes is also well established. Expression of the Brugada phenotype in family members without the index SCN5A mutation, nonetheless, necessitates considering the possibility of another causal gene. The data also illustrate the point that biological and functional effects are not exclusive to the causal mutations. SNPs could also impart significant molecular, cellular, and clinical phenotypes. Given the rapid pace of advances in genetic sequencing techniques and the availability of individual genomes, researchers and clinicians are increasingly becoming aware that "no protein is perfect." Thus, each protein could have common and rare nonsynonymous SNPs that exert biological functions but are not disease-causing variants. The complexity is expected to pose a significant challenge to the clinical utility of genetic screening.
The findings further illustrates the complexity of predicting the clinical phenotype based on in vitro modeling. 17 Accordingly, despite the severity of the biophysical phenotype in the previously reported in vitro studies, the p.Y111C mutation in the KCNQ1, a known gene for long-QT syndrome, was associated with a low incidence of clinical events. The findings may be specific to the particular study population and not yet be generalized. The clinical phenotype of the p.Y111C mutation may vary in a different genetic background or environmental conditions. Nevertheless, the findings remind us that the results of an in vitro or in vivo study should be recognized in the context of the experimental conditions. An in vitro or in vivo study attempts to model the original, and no modeling is perfect. After all, "it's only a model," as Patsy, the loyal assistant to King Arthur, said when the Knights of the Round Table first got a glimpse of the Castle of Camelot (Monty Python and the Holy Grail).
The clinical phenotype is much more complex than commonly appreciated. The underlying complexity of the phenotype arises from intertwined nonlinear, dynamic, and often stochastic interactions among numerous genetic and nongenetic constituents that contribute to the phenotype. Likewise, the genome is much more complex than is discerned from the simple analysis of its sequence variants. The alphabets not only provide the codes for protein synthesis but also regulate noncoding RNAs, of which only microRNA are recognized for their influence on the phenotype. 19 Similarly, the influence of epigenetic regulation of gene expression on the clinical phenotype remains to be understood. 20 Moreover, 94% of the human genes undergo extensive alternative splicing. 21 The influence of the alternative splicing on expression of the clinical phenotype is yet to be determined. Furthermore, a variety of posttranslational modifications, such as phosphorylation, acylation, glycosylation, lipoylation, ubiquitinylation, and disulfide bridges affect protein function and could influence the phenotype. The genome provides the stage on which various players choreograph the symphony. This is the case for every human phenotype. Yet, there is no phenotype that is solely genetics. Environmental factors directly contribute to expression of the phenotype or modulate the genetic determinants of the phenotype. Thus, to better understand the pluralism of causes and effects in any clinical phenotype, it is essential to analyze and incorporate all constituents of the phenotype into the modeling. Integration of signals from DNA sequence variants, mRNA splice variants, noncoding RNAs, proteome, metabolom, and the environment are essential in the modeling of a clinical phenotype. The late Dr Koshland's "Cha-Cha-Cha" theory of scientific discoveries, 22 however, necessitates delineating the fundamental biological mechanisms and applying these insights directly to the cure of disease. Only then, we could shift the current paradigm to individualized care, as Sir William Osler, the father of modern medicine, envisioned.
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